In order to determine the internal relationships among
In order to determine the internal relationships among seismic wave velocity, axial pressure, and rock porosity, the rock samples taken from NRS170143 borehole of the Nickel Rim South mine are tested using a Hoek type triaxial cell equipped with axial linear variable differential transducers (LVDTs) and a data acquisition module. The empirical expression between seismic wave velocity and rock pressure is fitted based on the laboratory test data of rock samples. Then, P-V model P-φ model and φ-ε model

Introduction
Rock mechanics parameters, seismic rock physics parameters, and rock porosity are very important rock properties in the field of geotechnical, mining and petroleum engineering. The bulk modulus (K), and shear modulus (μ), can be calculated from wave velocities [1] [2] . The rock specific results have been obtained through related geophysical research [3] [4] [5] [6] [7] . There are many cracks distributed in natural rock because of forming conditions and changing environment. A multi-interrogation ultrasonic technique and correlation of several parameters such as attenuation, acoustic velocity and grain size with material features are covered in [8] . The properties of these cracked rocks are critically affected by the pressure (P) of the surrounding rocks. The constituent minerals and micro-cracks dictate the rock sample's response to stress. This behavior is reflected in the compressional and shear velocities measured in the laboratory as a function of confining pressure. Therefore, laboratory velocities have been employed to solve important geologic problems [8] . The nonlinear relationship of confining pressure (P) and seismic wave velocity (V) was first noticed by [9] . Rock porosity (φ) also significantly impacts on the elastic properties and seismic velocities of a material [11] . An in-depth analysis of void evolution and coalescence in simple shear was performed and revealed the complex relationship between the void shape and spacing on coalescence [12] . The correlations between uniaxial compressive strength and porosity using hornfelsic rocks collected from western Iran were analyzed in 1965 [13] . The expressions of modulus (bulk modulus and shear modulus) and porosity derived in 1950 using spherical pores in solids [14] . To overcome the limitations above, many researchers have developed two main kinds of methods: the Effective Matrix and the Effective Field [1, 15] . Differential Effective Medium methods [16] [17] and Self-Consistent methods [18] are two groups of Effective Matrix approaches. The Differential Effective Medium methods consider that pores are iteratively added to a matrix of solids. However, Self-Consistent methods consider the pores and solids as a whole. The Effective Field methods [19] create a stress field by injecting pores in the nonporous solid. The change of rock porosity is often due to rock cracks. A lot of competing models are created to analyze the relationship between rock porosity and cracks [11] . The Self-Consistent method is extended to verify the importance of loading history [20] . The Mean Field method is used to explain the dynamic influences of both randomly oriented and aligned cracks, [21] . The Dislocation theory [22] is developed to solve the deformations connected with a closer to the real crack geometry with tapered edges. The Self-Consistent method [18, 23] is widely used to explain the effect of porosity on rock properties through fitting the general form (flat circle form) of rock cracks using the quantified relationship between the micro-fracture source parameters. Confining pressure has a great effect on rock elastic moduli in rocks with porosity φ<1% [9] . After theoretically testing a number of possible hypotheses, it was inferred that this nonlinear behavior must be due to the existence of crack-like pores of small aspect ratio. However, the above methods are mainly used in the field of composite materials but are rarely applied in the fields of rock physics or geophysics [15] . In this paper the above-mentioned methods were applied to analyze the internal relationships among seismic wave velocity, axial pressure, and rock porosity.
Theory and methodology
In order to describe the relationship between pressure and seismic wave velocity in rocks, the following empirical expression has been summarized using a large number of experiments [10] .
where V is the wave velocity with some cracks: P wave velocity (VP) or S wave velocity (VS); P is the effective pressure applied to rock; V0 is the wave velocity without crack: P wave velocity (VP0) or S wave velocity (VS0); and B, D, and k are fitting parameters. D is often left as zero as it can result in unreasonable values at elevated pressures [17] . The bulk modulus (K), and the shear modulus (μ), can be calculated from P and S wave velocities [2] .
According to Mackenzie's expressions [4] for the case of cracked rock, the relationship between bulk modulus (Kd) and porosity (φ) takes the form
And the relationship between shear modulus μd and porosity (φ) takes the form
So, the rock porosity can be calculated from
According to Self-Consistent forms [23], the effective Poisson's ratio of the cracked solid σd can first be found from 
If the crack length (a) is equal to the crack width (b), the crack density parameter equation is given by article [23].
The relationship of bulk modulus Kd and crack density parameter ε is given by [23] .
So, the crack density parameter can be calculated by ( ) ( )
According to article [18] and [23] , the crack porosity can be described as by equation (11).
where: c is the thickness of the crack. Incorporating equation (8) and equation (11), the relationship between the crack parameter and porosity is given by equation (12) .
Where α=c/a. Fig. 2 ) was employed for this testing. Rock porosities of these samples can be obtained by equation (6) . The dots of axial pressure and rock porosity can be plotted in Fig. 3 (b), (d), (f), (h) . The fitted relationships between axial pressure data and rock porosity data are shown in equations (21-24). By summarizing these equations, an empirical equation about the relationship of axial pressure and porosity can be summed up as equation (25) Rock porosities of samples can be obtained by equations (2) and (6) . The dots of axial pressure and rock porosity can be plotted in Fig 4 (c) . And the fitted relationships of loading compression test and unloading recovery test data between axial pressure and rock porosity are shown in equations (30) According to equation (10), the rock crack density parameter (ε) can be computed from the bulk modulus (K) using laboratory test data of sample No.108. The relationship between rock porosity (φ) data and crack density parameter (ε) data fits equation (40) as follows.
Geology and laboratory test
As shown in equation (40), the ratio (α) of crack thickness (c) to crack length (a) can be computed from the equation (41). Using the φ-ε model (equation (40)), mutual conversion between rock porosity (φ) and crack density parameter (ε) can be achieved. Along the fitted line in Fig. 5 , crack density parameter increases with increasing rock porosity. (1) the relationship between axial pressure and rock porosity can be sum up into the empirical equation: φ=a*e -b*P -c. Rock porosity has gradually decreased below the straight line φ=1% and close to 0 with the increase of axial pressure. The P-φ model can be a good judge whether the pressure has reached the maximum compression pressure in the process of rock compression experiment; (2) when axial pressure (P) increases gradually, the seismic wave velocity (Vp, Vs) will also increase step by step in the test of uniaxial compression and triaxial compression; on the contrary rock porosity (φ) and crack density parameter (ε) will eventually decrease to 0; (3) There is a linear positive correlation between the ratio of rock porosity (φ) and crack density parameter (ε) and the ratio (α) of crack thickness (c) to crack length (a); (4) The relationship between Vp and Vs in each compression test can be fitted to the linear equation: Vp=a*Vs+b; for all different samples of NR170143, the ratios (M) of Vp to Vs ranges from 1.35 to 1.85; In summary, P-V model, P-φ model, φ-ε model and Vp-Vs-φ model can intuitively reflect the relationship among seismic wave velocity, axial pressure and rock porosity.
